1. Introduction {#sec1}
===============

Decision-Making Trial and Evaluation Laboratory (DEMATEL) technique was proposed by Fontela and Gabus at the end of 1971 to overcome many global complex problems in scientific, political, and economic by considering experts\' attitudes \[[@B3], [@B4]\]. In practice, DEMATEL method has been applied to demonstrate the interrelations among criteria and to find aspects/criteria which play central roles in system to represent the effectiveness of them \[[@B2], [@B5]\]. In addition, hybrid combination models of DEMATEL with other methods have been extensively used in different fields such as airline security evaluation \[[@B6]\], e-learning assessment \[[@B7]\], and green supplier evaluation \[[@B8]\]. Furthermore DEMATEL is not only used to obtain the influence levels of each element over others but also has been applied to detect complex relationships and build an impact-relation map (IRM) of the criteria \[[@B10], [@B17]\]. Combination of DEMATEL and fuzzy logic was proposed to divide required qualifications for enhanced promotion of the competency development of global managers which involves the vagueness of human judgments \[[@B9]\]. Then, these influence level values were adopted as the foundation of the normalization supermatrix to specify ANP weights to obtain the relative importance \[[@B11]\].

In general, DEMATEL technique is able to determine direct, indirect, and interdependence among the unpredictable features or attributes \[[@B13]\]. In addition, DEMATEL helps to identify practical solutions for particular problems and cluster of complicated problems \[[@B6], [@B7], [@B14], [@B15]\]. In DEMATEL structure, each factor or part may exert on and obtain from other higher or lower level factors \[[@B7], [@B8]\]. One of excellence of this technique rather than others decision making method in applying feedback application. The entire factors establish worth and importance of factors instead of considering only specific factors \[[@B2]\].

The foundation of DEMATEL is graph theory and enables us to have an enhanced realization of causal relationships by dividing important and related issues to cause and effect \[[@B16]\] as well as making it possible to visualize the causal relationships of subcriteria and systems in the course of causal diagram that it may demonstrate communication network or a little control relationships between individuals \[[@B10]--[@B9]\]. One of the most essential preferences of DEMATEL is related to visualization of the causal relationships of criteria inside networks. By dividing criteria to cause and effect group, considerable development will accrue in the whole system. Factors, which belong to the cause group, have a significant influence on system and factors that belong to the effect group. Therefore, by improving cause factors, effect factors will be developed spontaneously. On the other hand, the essential deficiency in DEMATEL technique which is noticed from its past studies was the failure to figure out cause and effect factors in bidirectional relationships between different clusters with relevant factors but detecting the cause factors is the most important part in this method because of its emphasis on developing the whole system \[[@B8]\].

Therefore, this study covers the bidirectional relationships and interactions among the potentially significant factors and their direct and indirect effects on each other and visualizes the causal relationships among criteria and subcriteria in a system by creating a structural relationship map in three different green supply chain networks. For this purpose, a new formulation known as an "expanded DEMATEL" technique is applied. The feasibility of the new formulations has been examined in the biggest automotive company in Middle East which is called Iran Khodro. The research enables researchers to determine the cause and effect factors in bidirectional relations in networks by the expanded DEMATEL when the number of rows is not equal to the number of columns between different clusters which consist of several factors. The newly expanded approach is illustrated with three case study examples.

The rest of the study is structured as follows. [Section 2](#sec2){ref-type="sec"} presents the primary edition of DEMATEL. [Section 4](#sec4){ref-type="sec"} identifies the infeasibility of the original DEMATEL to find cause and effect factors in bidirectional relationships between different clusters/criteria. In [Section 5](#sec5){ref-type="sec"}, expanded DEMATEL is proposed. Three numerical/empirical examples to validate the expanded DEMATEL are applied in [Section 3](#sec3){ref-type="sec"}. Finally conclusion is presented in [Section 6](#sec6){ref-type="sec"}.

2. The Primary DEMATEL {#sec2}
======================

For clarification, the primary DEMATEL technique is explained as follows.

Step 1 (find the direct relation (average) matrix **A**)Suppose that there are *n* factors to be considered and *H* experts to provide their opinions. Each expert is asked to specify the degree to which he or she believes that the factor *i* influences the factor *j*. This pairwise comparison between the *i*th factor and the *j*th factor given by *k*th expert is indicated as *x* ~*ij*~ ^*k*^ which takes an integer score ranging between 0, 1, 2, 3, and 4, representing "no influence (0)," "low influence (1)," "medium influence (2)," "high influence (3)," and "very high influence (4)," respectively. The scores are given by each expert and *X* ^1^   *X* ^2^ ⋯ *X* ^*H*^ are answers of each of them that make the *n* × *n* nonnegative matrix *X* ^*k*^ = \[*x* ~*ij*~ ^*k*^\]~*n*×*n*~ with 1 \< *k* \< *H*. A high score indicates a belief that greater improvement in *i* is required to improve *j*. The diagonal elements of each answer matrix *x* ~*ij*~ ^*k*^ are all set to zero, which means no influence is given by itself. Then it is possible to calculate the *n* × *n* average matrix **A** on account of all experts opinions by averaging the *H* of their scores as follows: $$\begin{matrix}
{\left\lbrack a_{ij} \right\rbrack_{n \times n} = \frac{1}{H}{\sum\limits_{k = 1}^{H}\left\lbrack x_{ij}^{k} \right\rbrack_{n \times n}}.} \\
\end{matrix}$$ The average matrix **A** = \[*x* ~*ij*~ ^*k*^\]~*n*×*n*~ shows the initial direct effects that a factor exerts on and receives from other factors; hence, the initial direct relation matrix has been called. In addition, the causal effect between each pair of factors in a system can be mapped out by drawing an influence map. [Figure 1](#fig1){ref-type="fig"}, indicates an example of an influence map. Here, each node corresponds to a factor in the system and arrows represent impacts between factors. As an instance, an arrow from *C* ~1~ to *C* ~2~ shows the influence that *C* ~1~ exercises on *C* ~2~, and the strength of its effect is three. DEMATEL is able to convert the structural relations between the factors of a system into an intelligible map of the system.

Step 2 (determine the normalized initial direct relation matrix **D**)By normalizing the average matrix **A**, normalized initial direct relation matrix **D** = \[*d* ~*ij*~\]~*n*×*n*~ is obtained in the following formula: $$\begin{matrix}
{S = {\max}\left\{ {{\underset{1 \leq i \leq n}{\max}}{\sum\limits_{j = 1}^{n}{aij}},{\underset{1 \leq j \leq n}{\max}}{\sum\limits_{i = 1}^{n}{aij}}} \right\},} \\
{D = \frac{A}{S}.} \\
\end{matrix}$$ Consequently, ∑~*j*=1~ ^*n*^ *a* *ij* represents total direct effects that criterion *i* gives to the other criteria that are obtained by sum of each row *i* of matrix **A** as well as the sum of each column *j*; ∑~*i*=1~ ^*n*^ *a* *ij* represents total direct effects received by creation *j*. In addition, max⁡~1≤*i*≤*n*~∑~*j*=1~ ^*n*^ *a* *ij* represents the largest total direct effect of all factors and max⁡~1≤*j*≤*n*~∑~*i*=1~ ^*n*^ *a* *ij* represents the largest total direct effect received for all factors. The positive scalar *s* takes the larger of the two as the scaling factor, and the matrix **D** is obtained by dividing each element of **A** by the scalar *s*. Note that each element *d* ~*ij*~ of matrix **D** is between zero and one \[[@B18]\].

Step 3 (calculate the total relation matrix **T**)*D* ^*m*^ is the power of the normalized initial direct relation matrix **D** which is identified as a *m*-indirect effect and can be used to demonstrate the effect of length *m* or the effect propagated after *m* − 1 intermediates \[[@B18]\]. A continuous reduction of the indirect effects of problems besides the powers of matrix **D**, like an engrossing Markov chain matrix, guarantees convergent solutions to the matrix inversion. The total influence or total relation can be obtained by summing up $$\begin{matrix}
{D^{2},D^{3},\ldots,D^{\infty},} \\
{{\underset{m\rightarrow\infty}{\lim}D^{m}} = \left\lbrack 0 \right\rbrack_{n \times n},} \\
{\left\lbrack 0 \right\rbrack_{n \times n}{\,\,}\text{is}{\,\,}\text{a}{\,\,}n \times n{\,\,}\text{null}{\,\,}\text{matrix}.} \\
\end{matrix}$$ The total relation matrix **T** ~*n*×*n*~ is achieved as follow: $$\begin{matrix}
{{\sum\limits_{m = 1}^{\infty}D_{i}} = D + D^{2} + D^{3}\cdots D^{m}} \\
{= D\left( {I + D + D^{2} + \cdots + D^{m - 1}} \right)} \\
{= D\left( {I - D} \right)^{- 1}\left( {I - D} \right)\left( {I + D + D^{2} + \cdots + D^{m - 1}} \right)} \\
{= D\left( {1 - D} \right)^{- 1}\left( {I - D^{m}} \right) = D\left( {I - D} \right)^{- 1}.} \\
\end{matrix}$$ *I* is identity matrix. *T* is total relation matrix (\[**T**\]~*n*×*n*~).The sum of rows and sum of columns of the total relation matrix **T** are computed as **r** and **c**   *n* × 1 vectors $$\begin{matrix}
{\left\lbrack r_{i} \right\rbrack_{n \times 1} = \left( {\sum\limits_{j = 1}^{n}t_{ij}} \right)_{n \times 1},} \\
\end{matrix}$$ $$\begin{matrix}
{\left\lbrack c_{j} \right\rbrack_{1 \times n} = \left( {\sum\limits_{i = 1}^{n}t_{ij}} \right)_{1 \times n}.} \\
\end{matrix}$$

The sum of the *i*th row of the matrix **T** is \[*r* ~*i*~\]~*n*×1~ and indicates the total effects, both direct and indirect, given by the factor *I* to other factors. Likewise, \[*c* ~*j*~\]~1×*n*~ is the sum of the *j*th column of the matrix **T** and donates the total effects, both direct and indirect, received by the factor *j* from other factors. Consequently, when *j* = *i*, the sum (*r* ~*i*~ + *c* ~*j*~) which is called "prominence" gives us an index representing the total effects both given and received by the factor *i*. In other words, (*r* ~*i*~ + *c* ~*j*~) demonstrates the degree of the importance (total sum of the effects given and received) that the factor *i* plays in the system. In addition, the difference (*r* ~*i*~ − *c* ~*j*~) which is called "relation" shows the net effect that the factor *i* contributes to in the system. When (*r* ~*i*~ − *c* ~*j*~) is positive, the factor *i* is a net causer and when (*r* ~*i*~ − *c* ~*j*~) is negative the factor *i* is a net receiver \[[@B7], [@B18]\].

3. Methodology and Case Study to Validate a New Extra Formulation {#sec3}
=================================================================

To demonstrate the validity of the expanded DEMATEL three different intelligible networks in green supply chain area are proposed. In addition, these networks as a case study with experts\' interview technique are applied for this research. Ten (10) professional experts who are involved in supply chain activities in Iran Khodro Co. are interviewed. Interview has been done individually with each expert and it took between 45 and 60 minutes. During the interviews, pairwise comparisons between criteria are determined. It means that the committee with experts determines the relations between the influential factors in each of the causal evaluation networks. Each expert performs the score from 0 to 4 according to their experiences and believes that, for example, factor *i* affects factor *j*. For this purpose, a group of engineers is selected from the company\'s supply chain department, Sapco (Supplying Automotive Parts CO), which is the most important supplier and the main subset for Iran Khodro Company. In fact, to apply DEMATEL technique, using expert\'s opinion among and within the elements to a paired comparison analysis is required \[[@B19]--[@B21]\].

4. Infeasibility of Primary DEMATEL to Determine Cause and Effect in Two-Way Relations {#sec4}
======================================================================================

Example 1Suppose that one conceptual network 1 which consists of two main criteria such as "Organizational Performance" (OP) and "Green Logistics" (GL) and related subcriteria is proposed for evaluation of green supplier selection as shown in [Figure 2](#fig2){ref-type="fig"}. According to [Figure 2](#fig2){ref-type="fig"}, there is a bidirectional relationship between two main criteria. "*a*" means that factors of OP have direct relations on factors of GL and "*b*" means that factors of GL have direct relations on factors of OP. Based on ([1](#EEq1){ref-type="disp-formula"}) to ([4](#EEq4){ref-type="disp-formula"}), initial direct matrix **A**, direct matrix **D**, and total relation matrix **T** are calculated for both "*a*" and "*b*" to find cause and effect factors among this relation. Calculations for relation "*a*" are as follows: $$\begin{matrix}
{\mathbf{A}_{a} = \begin{bmatrix}
 & {\text{GL}1} & {\text{GL}2} & {\text{GL}3} & {\text{GL}4} & {\text{GL}5} \\
{\text{OP}1} & 3.6 & 3.5 & 1.4 & 3 & 2.5 \\
{\text{OP}2} & 3.1 & 3.6 & 2.3 & 0.5 & 2.6 \\
{\text{OP}3} & 2.7 & 3.4 & 2.6 & 0.50.9 & 0.8 \\
{\text{OP}4} & 3.1 & 3 & 3.3 & 0.9 & 1.6 \\
\end{bmatrix},} \\
{\mathbf{D}_{a} = \begin{bmatrix}
 & {\text{GL}1} & {\text{GL}2} & {\text{GL}3} & {\text{GL}4} & {\text{GL}5} \\
{\text{OP}1} & 0.257 & 0.250 & 0.1 & 0.214 & 0.179 \\
{\text{OP}2} & 0.221 & 0.257 & 0.164 & 0.036 & 0.186 \\
{\text{OP}3} & 0.193 & 0.243 & 0.186 & 0.064 & 0.057 \\
{\text{OP}4} & 0.221 & 0.214 & 0.236 & 0.064 & 0.114 \\
\end{bmatrix},} \\
\mathbf{T}_{a} \\
{= \begin{pmatrix}
 & {\text{GL}1} & {\text{GL}2} & {\text{GL}3} & {\text{GL}4} & {\text{GL}5} & \mathbf{r}_{\mathbf{o}\mathbf{p}} \\
{\text{OP}1} & 0.956 & 1.004 & 0.595 & 0.527 & 0.631 & 3.713 \\
{\text{OP}2} & 0.791 & 0.879 & 0.56 & 0.292 & 0.556 & 3.078 \\
{\text{OP}3} & 0.766 & 0.869 & 0.589 & 0.317 & 0.425 & 2.966 \\
{\text{OP}4} & 0.836 & 0.886 & 0.669 & 0.339 & 0.505 & 3.235 \\
\mathbf{C}_{\mathbf{G}\mathbf{L}} & 3.349 & 3.638 & 2.413 & 1.475 & 2.117 & \\
\end{pmatrix}.} \\
\end{matrix}$$ To determine cause and effect factor, (*r* ~*i*~ + *c* ~*j*~) and (*r* ~*i*~ − *c* ~*j*~) need to be calculated when *i* = *j*, but here it is obvious that *i* ≠ *j*. Infeasibility of primary DEMATEL has been revealed by this example. By the same way, for the relation "*b*" we have $$\begin{matrix}
{\mathbf{A}_{b} = \begin{bmatrix}
 & {\text{OP}1} & {\text{OP}2} & {\text{OP}3} & {\text{OP}4} \\
{\text{GL}1} & 3.5 & 3.4 & 1.5 & 1.7 \\
{\text{GL}2} & 3.6 & 3.7 & 3.1 & 3.7 \\
{\text{GL}3} & 1.4 & 2.6 & 3.3 & 2.7 \\
{\text{GL}4} & 1.1 & 0.4 & 0.7 & 0.3 \\
{\text{GL}5} & 3 & 2.8 & 0.3 & 0.3 \\
\end{bmatrix},} \\
{\mathbf{D}_{b} = \begin{bmatrix}
 & {\text{OP}1} & {\text{OP}2} & {\text{OP}3} & {\text{OP}4} \\
{\text{GL}1} & 0.248 & 0.241 & 0.106 & 0.121 \\
{\text{GL}2} & 0.255 & 0.262 & 0.220 & 0.262 \\
{\text{GL}3} & 0.099 & 0.184 & 0.234 & 0.191 \\
{\text{GL}4} & 0.078 & 0.028 & 0.05 & 0.021 \\
{\text{GL}5} & 0.213 & 0.199 & 0.021 & 0.021 \\
\end{bmatrix},} \\
\mathbf{T}_{b} \\
{= \begin{pmatrix}
 & {\text{OP}1} & {\text{OP}2} & {\text{OP}3} & {\text{OP}4} & \mathbf{r}_{\mathbf{L}\mathbf{G}} \\
{\text{LG}1} & 0.669 & 0.677 & 0.456 & 0.476 & 2.278 \\
{\text{LG}2} & 0.773 & 0.801 & 0.67 & 0.708 & 2.952 \\
{\text{LG}3} & 0.446 & 0.554 & 0.559 & 0.507 & 2.066 \\
{\text{LG}4} & 0.178 & 0.134 & 0.135 & 0.16 & 0.607 \\
{\text{LG}5} & 0.522 & 0.517 & 0.266 & 0.276 & 1.581 \\
\mathbf{C}_{\mathbf{O}\mathbf{P}} & 2.588 & 2.683 & 2.086 & 2.127 & \\
\end{pmatrix}.} \\
\end{matrix}$$ As mentioned before, here also *i* ≠ *j* and calculating (*r* ~*i*~ + *c* ~*j*~) and (*r* ~*i*~ − *c* ~*j*~) is not possible and logical. To cover this deficiency, an expanded DEMATEL will be proposed in next section.

5. Expanded DEMATEL {#sec5}
===================

According to DEMATEL technique, when =*j*, \[*R* ~*i*~\]~*n*×1~ = (∑~*j*=1~ ^*n*^ *t* ~*ij*~)~*n*×1~ (total given effects by factor *i*) and \[*C* ~*j*~\]~1×*n*~ = (∑~*i*=1~ ^*n*^ *t* ~*ij*~)~*n*×1~ (total received impacts by factor *j*) and therefore (*R* + *C*) and (*R* − *C*) will be achieved. But when *i* ≠ *j* and components in rows are different from components in columns, calculating (*r* ~*i*~ + *c* ~*i*~) and (*r* ~*i*~ − *c* ~*i*~) is not possible. As an instance, in [Figure 3](#fig3){ref-type="fig"}, relation *X* means cluster *W* and its dimensions have direct effect on cluster *Z*. Therefore, in total relationship matrix *X*, *R* ~*W*~ demonstrates the total effects, both direct and indirect, given by two factors of *W* cluster to the three factors of *Z* cluster; similarity *C* ~*Z*~ represents total effects, direct and indirect, received by factors of *Z* cluster from the three factors of *W* cluster: $$\begin{matrix}
{\left\lbrack {\left\lbrack R_{2} \right\rbrack_{2 \times 1} = \left( {\sum\limits_{j = 1}^{3}t_{23}} \right)_{2 \times 1}} \right\rbrack_{X},} \\
{\left\lbrack {\left\lbrack C_{3} \right\rbrack_{1 \times 3} = \left( {\sum\limits_{i = 1}^{2}t_{23j}} \right)_{1 \times 3}} \right\rbrack_{Y}.} \\
\end{matrix}$$ In addition, relation *Y* means cluster *Z* and its dimensions have direct effect on cluster *W*. Therefore, in total relationship matrix *Y*: $$\begin{matrix}
{\left\lbrack {\left\lbrack R_{3} \right\rbrack_{3 \times 1} = \left( {\sum\limits_{j = 1}^{2}t_{23}} \right)_{3 \times 1}} \right\rbrack_{Y},} \\
{\left\lbrack {\left\lbrack C_{2} \right\rbrack_{1 \times 2} = \left( {\sum\limits_{i = 1}^{3}t_{23j}} \right)_{1 \times 2}} \right\rbrack_{X}.} \\
\end{matrix}$$ Consequently, (*R* ~*w*~ + *C* ~*z*~) and (*R* ~*w*~ − *C* ~*z*~) (type in equation mode) are not possible (because *i* ≠ *j*), logical, and acceptable in mathematical analysis. Therefore, in past studies, researchers have not achieved cause and effect group in these kinds of relations. But in a comprehensive DEMATEL, when two matrixes in a bidirectional relation which are the same as *XY* in [Figure 3](#fig3){ref-type="fig"} will be mixed, prominence and relation can be achieved: $$\begin{matrix}
{\left( {R + C} \right)_{W} = R_{W} + C_{W},} \\
{\left( {R - C} \right)_{W} = R_{W} - C_{W}.} \\
\end{matrix}$$

As a result, by attention to result of (*R* − *C*), dimensions will be divided into cause and group; also the amount of (*R* + *C*) presents the most important factors in bidirectional relations.

Consequently, all factors of the network can be divided into cause and effect group by applying the new formulations of expanded DEMATEL as follows. Relation *a*: $$\begin{matrix}
{\left( {R + C} \right)_{\text{OP}} = R_{\text{OP}} + C_{\text{OP}},} \\
{\left( {R - C} \right)_{\text{OP}} = R_{\text{OP}} - C_{\text{OP}}.} \\
\end{matrix}$$ Relation *b*: $$\begin{matrix}
{\left( {R + C} \right)_{\text{GL}} = R_{\text{GL}} + C_{\text{GL}},} \\
{\left( {R - C} \right)_{\text{GL}} = R_{\text{GL}} - C_{\text{GL}}.} \\
\end{matrix}$$

In bidirectional relations, logically one of criteria and its related factors are more powerful than the other one.

It means that the stronger criteria should be located as a cause group. [Table 1](#tab1){ref-type="table"} indicates results of expanded DEMATEL for relations *a* and *b*. $$\begin{matrix}
{\text{Note}{\,\,}\text{that}} \\
{\quad\begin{cases}
{\text{if}{\,\,}\left( {r_{i} - c_{i}} \right) \geq 0,} & {\text{factor}{\,\,}\text{belongs}{\,\,}\text{to}{\,\,}\text{cause}{\,\,}\text{group},} \\
{\text{if}{\,\,}\left( {r_{i} - c_{i}} \right) \leq 0,} & {\text{factor}{\,\,}\text{belongs}{\,\,}\text{to}{\,\,}\text{effect}{\,\,}\text{group}.} \\
\end{cases}} \\
\end{matrix}$$

According to [Table 1](#tab1){ref-type="table"}, all amount of (*R* − *C*)~OP~ ≥ 0; therefore organizational performance is more powerful than green logistics inside network 1 and it plays the fundamental roles in the whole system based on this bidirectional relation. To improve the system, organizations need to focus on OP and its related factors; hence, factors of GL will be developed automatically because they are affected by factors of OP. Furthermore, the highest value of (*r* ~*i*~ + *c* ~*i*~) belongs to GL2 and it means that GL2 is the most important factor inside the network and need more attention by organization.

Example 2The case of *i* = *j*, when factors belong to two different brands: [Figure 4](#fig4){ref-type="fig"} demonstrates that network 2 includes two main clusters as green activities (GA) and environmental protection (EP) with equal number of related factors: *i* = 5 and *j* = 5.

Same as [Example 1](#ex1){ref-type="statement"}, based on ([1](#EEq1){ref-type="disp-formula"}) to ([4](#EEq4){ref-type="disp-formula"}), initial direct matrix **A**, direct matrix **D**, and total relation matrix **T** are calculated for both "*c*" and "*d*" to find cause and effect factors among this relation. Calculations for relation "*c*" are displayed as follows: $$\begin{matrix}
{\mathbf{A}_{c} = \begin{bmatrix}
 & \text{EP1} & \text{EP2} & \text{EP3} & \text{EP4} & \text{EP5} \\
{\text{GA}1} & 3.7 & 0.5 & 2.1 & 2.2 & 3.3 \\
{\text{GA}2} & 3.6 & 1.5 & 3.9 & 2.6 & 3.2 \\
{\text{GA}3} & 0.3 & 0.2 & 3.4 & 0.8 & 0.3 \\
{\text{GA}4} & 2.2 & 0 & 2.3 & 1 & 0 \\
{\text{GA}5} & 0 & 0.2 & 0.8 & 0.9 & 0 \\
\end{bmatrix},} \\
{\mathbf{D}_{c} = \begin{bmatrix}
 & \text{EP1} & \text{EP2} & \text{EP3} & \text{EP4} & \text{EP5} \\
{\text{GA}1} & 0.250 & 0.034 & 0.142 & 0.149 & 0.223 \\
{\text{GA}2} & 0.243 & 0.101 & 0.264 & 0.176 & 0.216 \\
{\text{GA}3} & 0.02 & 0.014 & 0.230 & 0.054 & 0.020 \\
{\text{GA}4} & 0.149 & 0 & 0.155 & 0.068 & 0 \\
{\text{GA}5} & 0 & 0.014 & 0.054 & 0.061 & 0 \\
\end{bmatrix},} \\
\mathbf{T}_{c} \\
{= \begin{pmatrix}
 & \text{EP1} & \text{EP2} & \text{EP3} & \text{EP4} & \text{EP5} & \mathbf{R}_{\text{GA}} \\
{\text{GA}1} & 0.42 & 0.065 & 0.365 & 0.282 & 0.338 & 1.47 \\
{\text{GA}2} & 0.454 & 0.144 & 0.571 & 0.345 & 0.36 & 1.874 \\
{\text{GA}3} & 0.062 & 0.024 & 0.341 & 0.095 & 0.046 & 0.568 \\
{\text{GA}4} & 0.237 & 0.014 & 0.281 & 0.134 & 0.062 & 0.728 \\
{\text{GA}5} & 0.024 & 0.018 & 0.098 & 0.079 & 0.011 & 0.23 \\
\mathbf{C}_{EP} & 1.197 & 0.265 & 1.656 & 0.935 & 0.817 & \\
\end{pmatrix}.} \\
\end{matrix}$$

Same as before, to determine cause and effect factor, (*r* ~*i*~ + *c* ~*i*~) and (*r* ~*i*~ − *c* ~*i*~) need to be calculated when *i* = *j*, but here the type of *r* ~*i*~ and *c* ~*i*~ is different. Infeasibility of primary DEMATEL will be covered with new formulations of expanded DEMATEL. By the same way, for the relation "*d*" we have $$\begin{matrix}
{\mathbf{A}_{d} = \begin{bmatrix}
 & {\text{GA}1} & {\text{GA}2} & {\text{GA}3} & {\text{GA}4} & {\text{GA}5} \\
\text{EP1} & 3.6 & 3.4 & 2.4 & 1.8 & 3.2 \\
\text{EP2} & 2.6 & 3.7 & 2.2 & 1.9 & 2.7 \\
\text{EP3} & 1.3 & 3.2 & 3.5 & 2.3 & 0.9 \\
\text{EP4} & 3.6 & 3.6 & 3.2 & 1.6 & 3 \\
\text{EP5} & 3.4 & 3.9 & 2.6 & 1.4 & 0 \\
\end{bmatrix},} \\
{\mathbf{D}_{d} = \begin{bmatrix}
 & {\text{GA}1} & {\text{GA}2} & {\text{GA}3} & {\text{GA}4} & {\text{GA}5} \\
\text{EP1} & 0.202 & 0.191 & 0.135 & 0.101 & 0.180 \\
\text{EP2} & 0.146 & 0.208 & 0.124 & 0.107 & 0.152 \\
\text{EP3} & 0.073 & 0.180 & 0.197 & 0.129 & 0.051 \\
\text{EP4} & 0.202 & 0.202 & 0.180 & 0.090 & 0.169 \\
\text{EP5} & 0.191 & 0.219 & 0.146 & 0.079 & 0 \\
\end{bmatrix},} \\
\mathbf{T}_{d} \\
{= \begin{pmatrix}
 & {\text{AG}1} & {\text{AG}2} & {\text{AG}3} & {\text{AG}4} & {\text{AG}5} & R_{EP} \\
\text{EP1} & 0.679 & 0.787 & 0.59 & 0.408 & 0.521 & 2.985 \\
\text{EP2} & 0.578 & 0.751 & 0.539 & 0.387 & 0.463 & 2.718 \\
\text{EP3} & 0.429 & 0.639 & 0.557 & 0.371 & 0.317 & 2.313 \\
\text{EP4} & 0.691 & 0.818 & 0.653 & 0.41 & 0.52 & 3.092 \\
\text{EP5} & 0.564 & 0.692 & 0.51 & 0.328 & 0.288 & 2.382 \\
C_{\text{AG}} & 2.941 & 3.687 & 2.849 & 1.904 & 2.109 & \\
\end{pmatrix}.} \\
\end{matrix}$$

Let us apply expanded DEMATEL to find cause and effect factor of network 2. Relation *c*: $$\begin{matrix}
{\left( {R + C} \right)_{\text{AG}} = R_{\text{AG}} + C_{\text{AG}},} \\
{\left( {R - C} \right)_{\text{AG}} = R_{\text{AG}} - C_{\text{AG}}.} \\
\end{matrix}$$ Relation *d*: $$\begin{matrix}
{\left( {R + C} \right)_{EP} = R_{EP} + C_{EP},} \\
{\left( {R - C} \right)_{EP} = R_{EP} - C_{EP}.} \\
\end{matrix}$$

[Table 2](#tab2){ref-type="table"} illustrates results of expanded DEMATEL for relations *c* and *d* in the network 2. $$\begin{matrix}
{\text{Note}{\,\,}\text{that}} \\
{\quad\begin{cases}
{\text{if}{\,\,}\left( {r_{i} - c_{i}} \right) \geq 0,} & {\text{factor}{\,\,}\text{belongs}{\,\,}\text{to}{\,\,}\text{cause}{\,\,}\text{group},} \\
{\text{if}{\,\,}\left( {r_{i} - c_{i}} \right) \leq 0,} & {\text{factor}{\,\,}\text{belongs}{\,\,}\text{to}{\,\,}\text{effect}{\,\,}\text{group}.} \\
\end{cases}} \\
\end{matrix}$$

According to the result of [Table 2](#tab2){ref-type="table"}, environmental protection belongs to the cause group because the amounts of (*r* ~*i*~ − *c* ~*i*~) ≥ 0 for all its factors. Green activities are the effect group because the amount of (*r* ~*i*~ − *c* ~*i*~) ≤ 0 for all its dimensions. Furthermore, the highest value of (*r* ~*i*~ + *c* ~*i*~) is related to the EP2. It means that EP2 plays the central role inside the network.

In both examples, validity of expanded DEMATEL has been tested and expected and logical results have been achieved. All factors of effect group have been less than zero and all factors, which belong to cause group, have been positive.

6. Conclusion {#sec6}
=============

The current research improves DEMATEL by proposing an approach for addressing the infeasibility issue in the primary DEMATEL method which has been widely applied in many complex networks and applications. The study prove that the infeasibility might occur in networks which include bidirectional relations and then improve the method so that infeasibility can be avoided. New formulations have been added to primary DEMATEL and two case studies were provided as a proof to evidence that the expanded DEMATEL is sound and applicable to all bidirectional relations of all networks. Expanded DEMATEL can provide a feasible solution for both cases that are infeasible or feasible for the primary method because it yields a solution which is very close to that of the original DEMATEL. Expanded DEMATEL is very applicable and useful for all kinds of networks that are inclusive bidirectional relations because of determining cause and effect factor to improve the system. The new formulations provide a more comprehensive approach for those applications to which primary DEMATEL is applied.

This work is supported by the High Impact Research Grant at University of Malaya through Project no. MOHE/HIR/ENG 31.

Conflict of Interests
=====================

The authors declare no possible conflict of interests.
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![Conceptual network 1: "Organizational Performance" and "Green Logistics".](TSWJ2014-103846.002){#fig2}

![Example of bidirectional relation when *i* ≠ *j*.](TSWJ2014-103846.003){#fig3}

![Conceptual network 2: green activities and environmental protection.](TSWJ2014-103846.004){#fig4}

###### 

Result of expanded DEMATEL for network 1.

  *R* ~a~   *R* ~b~                            
  --------- --------- ------- ------- -------- --------
  OP1       6.301     1.125   GL1     5.627    −1.071
  OP2       5.761     0.395   GL2     6.59     −0.686
  OP3       5.052     0.88    GL3     4.479    −0.347
  OP4       5.362     1.108   GL4     2.082    −0.868
  ---       ---       GL5     3.698   −0.536   

###### 

Result of expanded DEMATEL for network 2.

  *R* ~c~   *R* ~d~                          
  --------- --------- -------- ----- ------- -------
  AG1       2.667     −1.471   EP1   5.926   1.788
  AG2       2.139     −1.813   EP2   6.405   2.453
  AG3       2.224     −2.281   EP3   5.162   0.657
  AG4       1.663     −0.241   EP4   4.996   2.157
  AG5       1.047     −1.879   EP5   4.491   1.565
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